A strong laser field (≈ 10 15 W/cm 2 ) induced low-collisional-energy charge transfer process in Ne + -He system is explored. In the low collisional energy regime, the cross-section can be ≈ 10 −17 cm 2 which is about two orders of magnitude higher than the collision-only process. With increasing collisional energy the cross-section curve displays flattens and the charge capture tends to be practically independent of the laser detuning. In addition, we find that the capture probability in this Ne + -He system varies significantly with the laser polarization angle.
Introduction
Ion-atom charge-transfer process is of considerable interest both from a fundamental and from a more applied point of view in the areas of laser physics and fusion research. It might broaden and deepen our general understanding of dynamic atomic processes, and it makes significant steps to detailed understanding of active control of atomic dynamics. However, in the low-energy collision region, the energy defect of the donor (atom) and the acceptor (ion) severely suppresses the charge-transfer cross-section. There is interest in using a laser to overcome the energy defect factor and the charge transfer cross-section can be greatly increased by several orders by the joint action of the collisional and radiative interactions [1] .
In the early work, most attention was focused on the laser frequency resonant effects and the researches were performed for relatively low intensities (< 10 10 W/cm 2 ) [2] [3] [4] [5] [6] [7] [8] [9] . In more recent works, people have focused on laser intensities above 10 13 W/cm 2 and many theoretical models have been proposed [10] [11] [12] [13] [14] .
In the present work, we discuss a strong laser field (≈ 10 15 W/cm 2 ) induced low-collisional-energy charge transfer process. The strong laser field enhanced chargetransfer collision between Ne + and He atom can be described by the following expression:
Ne + + He(1s 2 1 S 0 ) + ω → Ne(2p 6 1 S 0 ) + He
+
We prefer to observe the significant modifications of collisional processes when both types of collision and laser field interactions are combined. Since the laser intensity is ≈ 10 15 W/cm 2 , the role of the applied laser field will be different from the one in the early work.
Considering the reaction Ne + + He → Ne + He + from the point of the gases ionizing potential, since the ionization potentials of the Ne and He are 21.6 V and 24.6 V, * corresponding author; e-mail: luhit@126.com respectively, it will be seen that in the absence of the laser field and at very low impact velocity, the charge transfer is most probable in the case of Ne + + He → Ne + + He + , which is a reverse reaction of Ne + + He → Ne + He + and has been studied by Harnwell [15] . This argument as given is not strictly applicable to the present conditions, because the present reaction combines collision with an external strong field with the laser field intensity of ≈ 10 15 W/cm 2 . When the dipole interaction −E · d is added to the molecular potentials, the initial and final states potentials will cross and charge exchange from He atom to Ne + occurs at the crossing [16, 17] . Therefore the reaction Ne + + He → Ne + He + needs the participation of strong laser field and it will be enhanced obvious.
The theoretical model
The laser induced charge transfer (LICT) process between ion A + and atom B can be described by a threebody system as shown in Fig. 1 , and also can be described by the following expression: During the collision process between ion A + and atom B, because of the simultaneous effects of both collision and the strong laser field, an outer-shell electron e of (1519) atom B is transferred to A + . At the same time the atom B is ionized, and ion A + transits to its atomic ground state.
In Fig. 1 , electron e denotes the bound electron of atom B; R(t) is the position vector between the two ion cores. r A and r B are the position vectors of electrons e with respect to the ion cores, respectively; r is the position vector of electron e with respect to the centroid C; r O is the position vector of electrons e with respect to the centre of the two ion cores O. Therefore, the timedependent Schrödinger equation in the centre of mass coordinate system for the whole system is
where φ is the total wave function of the system, T and V are the kinetic energy and potential energy operators, respectively.
The kinetic energy and potential energy operators of the three-body system can be expressed as
where µ e and µ are the reduced masses of the two electrons and the two ion cores, respectively. V f is the interaction between the laser field and the colliding particles. V e is the interaction between the laser field and electron.
where
In Eq. (11) and Eq. (12), the M A and M B are the masses of ion A and B, respectively. In Eq. (14) E(t) is the laser field, where ε is the unit vector of polarization direction, E 0 is the amplitude of the field intensity, f (t) is the pulse envelope and can be expressed as
with τ being the pulse width. The motion of the two ion cores can be described by wave function F (R) which meets the following scattering equation:
whereĒ is the energy of the system. Then the total wave function of the system, i.e. φ(R, r), can be written as the product of F (R) and the wave function of the electron φ(R, r) = F (R)ψ(R, r).
(18) Substituting Eq. (18) into Eq. (1), we can obtain
The first two terms in Eq. (19) describe the coupling of motions of the ion cores and the electrons. For a classical straight-line trajectory in which the relative velocity υ is parallel to the z axis, F (R) is a plane wave in the form
where z R = υt. Substituting Eq. (21) into Eq. (19), the first term can be omitted because the reduced mass µ is a large parameter; Eq. (19) can be rewritten as
Then Eq. (22) can be rewritten as a time-dependent Schrödinger equation as follows:
where ψ(r, t) is the wave function of the electron. For the three-level system of laser-induced collisional energy transfer between ion A + and atom B shown in Fig. 2 , the following two levels of the compound system can be formed by the energy levels of ion A + and B + as follows:
(25) The compound state |1 is the initial state of the laser induced charge transfer process, and the |3 is the final state
with η 1 and η 2 being eigenvalues of φ 1 (r B ) and φ 3 (r A ), respectively. In addition to the initial state and the final state, the contribution of an important intermediate state ϕ 2 (r, t) to the charge transfer process is considered. ϕ 2 (r, t) is the wave function of the electron in a state excited to the continuum. Since the Volkov solutions are eigenfunctions of the V e (t) operator for free electrons in the presence of laser field, we express the wave function of the active electron as
For the monochromatic polarized laser field, ϕ 2 (r, t) can be given by
where, is the ponderomotive potential, and p denotes the momentum of the active electron in the continuum state.
Expanding the wave function of the electrons using the primary functions expressed by formulae (26), (27), and (31):
Using the interaction Hamiltonian in formula (20) and the primary functions expressed by formulae (26), (27), and (31), we can derive the equations of motion for the probability amplitudes 
Taking a unitary transformation of matrix the equation of motion for the probability amplitudes can be simplified as
Equation (36) meets the initial conditions that
Then the expression of the collision cross-section can be obtained
Results and discussions
During the collision process between Ne + and He atom, because of the simultaneous effects of both collision and the strong laser field, the energy of Ne + is transferred to atom He which at the same time is ionized because of loss of an outer-shell electron, while Ne + transits to its atomic ground state. The process also can be described by the following expression:
The charge-transfer cross-section as a function of impact energy for the Ne + -He system at different transfer laser wavelength is shown in Fig. 3 .
In the low-collisional energy region (E p < 4 × 10 −4 keV/amu), the collisional coupling is relatively weak while the laser coupling plays a dominant role. When the laser field added to the collisional system, the crosssection is inversely proportional to the collisional energy as indicated by the Landau-Zener formula [1] . We observe a strong propensity for an enhancement of the charge transfer cross-section. For a collision-only process, the charge transfer cross-section is ≈ 10 −19 cm 2 , and in the combination of both laser and collision, the cross-section can be ≈ 10 −17 cm 2 which is about two orders of magnitude higher than the collision-only process. With the increase of the collisional energy (E p > 1.13 × 10 −2 keV/amu), the collisional coupling tends to play a dominant role and the charge transfer cross-section for the Ne + -He system in the presence and absence of a laser field tends to be equal. Moreover, the two kinds of couplings are of equal importance only in the region from 4 × 10 −4 keV/amu to 1.13 × 10 −2 keV/amu, where the interference between these two coupling is evident.
In the collisional energy range from 1 × 10 −4 keV/amu to 1 × 10 −3 keV/amu, although the non-resonant transition (ω = 800 nm) matrix element is far less than the resonant transition (ω = 410.16 nm), the charge transfer cross-sections of non-resonant transition and resonant transition are in the same order of magnitude. Such results indicate that even though the laser detuning is relatively large, we still can realize the interparticle charge transfer.
When the transfer laser field intensity is 1 × 10 15 W/cm 2 , the laser detuning dependence of the fieldassisted collisional charge transfer cross-section is studied in Fig. 4 .
In weak field, the results are characterized by a universal profile with the full width at half peak of the profile being ≈ 2 × 10 2 cm −1 , which is wider in an order of magnitude than the results of laser-induced energy transfer processes characterized by the full width at half peak of the profile being less than 10 cm −1 . The strongest enhancement is found around ∆ = 0 cm −1 for the lowcollisional energy indicating that the laser induced charge transfer is most effective in this region, which is based on the fact that interparticle transition takes place only in the neighborhood of the resonance points and a qualitatively similar behavior was observed in an early study of laser-assisted capture in He 2+ -H collisions [18] . With increase of collisional energy (E p = 2.02 × 10 −3 keV/amu) the cross-section curve displayed in Fig. 4b flattens and the charge capture tended to be practically independent of the laser detuning. The peak of the cross-section profile is not found when the transfer laser is strictly resonant, but it is found when the transfer laser detunes from ∆ = −7750 cm −1 . Moreover, the FWHM increases to 8922 cm −1 . It is in this collisional energy region that the projectile potential is strong enough to induce appreciable electronic transitions.
When the laser is polarized perpendicular to the projectile trajectory, one more parameter appears: the angle between the laser polarization and the collision plane.
In our previous experiment work [19] , we observed that the capture probability in laser-induced Ne + -He collision varied significantly with the laser polarization angle, i.e. the signal of He + strongly depends on the laser polarization. For the horizontal polarization, a maximum was observed, but the signal was much smaller when the polarization was nearly perpendicular. Comparing with the case of α = π 2 , for polarization in the horizontal plane (α = 0), the signal intensity was about a 32.9% increase. In contrast, the calculation result of the strong variation of the charge transfer cross-section is evident from Fig. 5 . The capture probability in laser-assisted atom-ion collision varies significantly with the laser polarization angle. For the horizontal polarization, we observe a maximum, but the cross-section is much smaller when the polarization is nearly perpendicular. The observed anisotropy of the cross-section angular distribution is in coincidence with previous experiment results [19] . Such an interesting feature of the relative polarization angle dependence is due to that for the present collision system, the laser field important is the projection along the internuclear axis. Figure 6 gives the Ne + -He laser-induced charge transfer collision geometry. The impact velocity v is along the extraction field. The collision plane is defined by the impact parameter b and the projectile trajectory R(t). α is the angle between the laser polarization and the collision plane. Since the internuclear axis rotates with respect to the lab-fixed laser polarization, the relevant electric field projection is thus E(t) = E 0 cos(α)νt/R.
This expression does explain the polarization angle dependence in Fig. 6 , which suggests that the enhancement does indeed vanish at α = π/2 and 3π/2. When the laser wavelength is 410.16 nm and the collisional energy is equal to E p = 3.36 × 10 −6 keV/amu, the peak cross-section as a function of transfer laser intensity for the Ne + -He system is given in Fig. 7 . The collision cross-section rises with laser intensity and tends to saturate and there is a maximum cross-section of 3.2 × 10 −17 cm 2 with the laser intensity of 1.1 × 10 15 W/cm 2 in our results. When the collisional energy increases to 2.02 × 10 −3 keV/amu, the situation is dramatically changed. The collisional coupling tends to play a dominant role in this region and the profile becomes a broad flat (see Fig. 7b ). 
Conclusion
In the present study, electron capture in slow asymmetric ion-atom collision system is considerably modified when the collision is embedded in a non-resonant laser field. Although the ionization potential of the Ne (21.6 eV) is less than He (24.6 eV), such a reaction is motivated by the anticipated use of strong laser field to modify energy flow pathway. In the low collisional energy region, the cross-section can be ≈ 10 −17 cm 2 which is about two orders of magnitude higher than the collision-only process. With the increase of the collisional energy, the charge transfer cross-section for the Ne + -He system in the presence and absence of a laser field tends to be equal. The two kinds of couplings of laser field and collision are of equal importance only in the small crossover region, where the charge-transfer cross-section shows an interference effect between the two mechanisms. Moreover, the charge-transfer transition takes place in a much wider region than just around the "resonance point". Such result indicates that we can realize the interparticle charge transfer in a wide detuning range. The strong variation of the charge transfer cross-section with laser polarizations is studied. The capture probability in laser-assisted atom-ion collision varies significantly with the laser polarization angle. In our calculation we focus on parameters more favorable to experiment increasing our optimism that such an experiment can be done. The dependence of the charge transfer cross-section on the laser polarization has been confirmed and is in coincidence with previous experiment results [19] . The other calculation characteristics hold promise for being observable and have guiding significance for the further experimental work in the short future.
